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1 Introduction
Textile reinforced concrete (TRC) has emerged in the last
decade as a new composite material combining the textile
reinforcement with the cementitious matrix. Its appealing
feature is the possibility to produce filigree high-performance
structural elements that are not prone to corrosion, as is the
case for steel reinforced concrete. In contrast to other com-
posite materials, in TRC both the matrix and the reinforce-
ment exhibit a high degree of heterogeneity of their material
structure at similar scales of resolution. As a consequence, the
fundamental failure mechanisms in the yarns, in the matrix
and in the bond layer interact with each other and can result
in several macroscopically different failure modes.
The development of a consistent material model for
textile reinforced concrete requires the formulation and cali-
bration of several sub-models on several scales of resolution.
Each of these models represents the material structure at the
corresponding scale (Fig. 1) with a focus on specific damage
and failure mechanisms. The following correspondence be-
tween the scales and the observable components of the mate-
rial structure and their interactions are specified:
 micro level
 filament, matrix
 bond filament - matrix
 meso level
 yarn, matrix
 bond yarn - matrix
 macro level
 textile, matrix
 bond textile - matrix
While models at the micro level are able to capture the
fundamental failure and damage mechanisms of the material
components (e.g. filament rupture and debonding from the
matrix) their computational costs limit their application to
small size representative unit cells of the material structure.
On the other hand,macro levelmodels provide sufficient per-
formance at the expense of a limited range of applicability.
Generally, all the scales must be included in the assessment of
the material performance. The chain of models at each scale
may be coupled (1) conceptually by clearly defining the corre-
spondence between the material models at each level or (2)
adaptively within a single multi-scale computation to balance
accuracy and performance in an optimal way [1, 2].
Due to the complex structure of textile reinforced concrete
at several levels (filament – yarn – textile – matrix) it is effec-
tive to develop a set of conceptually related sub-models for
each structural level covering the selected phenomena of the
material behavior. The homogenized effective material prop-
erties obtained at a lower level can be verified and validated
using experiments and models at higher level(s).
The present paper is focused on the role of disorder in the
bond layer between the yarn and the matrix. In Sec. 2 we
review the elementary effects occurring in the bond layer
during loading. After that, in Sec. 3, the model capturing
some of these effects is introduced. Then, in Sec. 4, the cali-
bration for a particular combination of yarn and matrix is
performed, and finally, in Sec. 5, a parametric study shows
the interaction effects between two failure mechanisms –
namely the debonding of filaments from the matrix and rup-
ture of the filaments with an included disorder in the bundle.
2 Elementary effects occurring in the
bond layer
In the reinforcement, the elementary mechanisms in the
material behavior are appointed to the filaments with linear
elastic behavior and brittle failure. The filament ensemble
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Fig. 1: Resolution scales
constituting the yarn exhibits nonlinear behavior due to dis-
order in the filament structure. The delayed activation of
individual filaments leads to a gradual growth of stiffness at
the beginning of the loading process, the friction between fil-
aments influences the maximum stiffness reached during
loading and both these effects influence the rate of failure
after reaching the maximum force. Both in the filaments and
in the yarn we may also observe the statistical size effect lead-
ing to reduced strength with increasing length [3].
The fine grained concrete matrix exhibits the evolution of
microcracks in the fracture process zone that gradually close
up to the macro crack. However, for the purpose of the pres-
ent study, focused solely on the role of heterogeneity in the
yarn, this influence can be disregarded.
The interaction between the reinforcement and the ma-
trix can be seen on the micro- and meso-scales shown in
Fig. 2. The fine scale interaction between the filament and the
matrix includes the phases of bonding, debonding and fric-
tion. The interaction at the level of the yarn and matrix
includes the same phases, but each of these phases includes
fine scale interaction modes between the filaments and the
matrix. Due to the complex structure of the failure process
zone, the yarn-matrix bonding behavior cannot be captured
without analyzing the interaction effects in micro-mechanical
terms, as is done in this paper.
Another interaction effect occurs upon cracking of the
matrix and the evolution of crack bridges leading to the ten-
sion stiffening effect in the overall response. This interaction
is studied using meso-scale models, and goes beyond the
scope of the present study [4]. The same holds for the interac-
tion at the level of textile structures embedded in the matrix,
which can be addressed by a macromechanical treatment
[5, 6].
3 Model of the bond layer
In this model the interface layer between the yarn and
the matrix is regarded as a set of laminas interacting with
the matrix through the given bond law. The laminas repre-
sent groups of filaments with the same characteristics, and
are coupled with the matrix using zero thickness interface
elements [7].
The disorder in the filament bundle is taken into account
using one of the three distributions of filament properties: (1)
distribution of the bond quality, diminishing from the outside
to the inside of the yarn (2) distribution of the bond free
length, increasing from the outside to the inside of the yarn
and (3) distribution of the delayed activation of filaments
within the bond free length.
These distributions do not represent the disorder in the
filament bundle directly. The bundle geometry is assumed in
the form of a parallel set of filaments. The effect of disorder
is reflected indirectly in terms of the mentioned distribu-
tion functions inducing an inhomogeneous stress transfer
throughout the bond layer that is assumed to occur in a simi-
lar way in the heterogeneous material structure. The model
can serve the purpose of capturing the influence of the varia-
tions in the bond performance on the macroscopically
observable failure process, so that these variations may be
quantified in a calibration procedure. The calibration of the
model is performed using both the load-displacement curve
and the curve representing the instantaneous fraction of the
broken filaments during the loading process. The latter is
obtained experimentally by optical recording of the light
transmission through the unbroken filaments [8]. Using this
model and the experimental data we are able to derive the
effective bond law of the bond layer between the whole yarn
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Fig. 2: Correspondence between scales, components and effects used in this model
(filament bundle) and the matrix, which can be used at the
higher modeling levels.
4 Identification of the characteristic
parameters for the bond layer
For the selected combination of the yarn and the matrix,
the parameters characterizing the tensile behavior of the yarn
and the parameters of the bond between the filament surface
and the matrix can be determined from the preliminary
numerical and experimental study. In particular, the charac-
teristics of the yarn and of the filaments can be derived from
tensile tests on yarn. The applied stochastic modeling of the
multi-filament bundle allowed us to obtain also statistical dis-
tributions of strength and stiffness along the yarn as described
thoroughly in [9, 10]. The local bonding between the filament
surface and the matrix has been characterized by a bond
model with parameters calibrated using the single filament
pull-out experiment [11].
The soughtmaterial characteristics are the distributions of
the bond quality, bond free length and activation strain across
the filament bundle in the bond layer. The calibration proce-
dure [12, 13] is based on the experimental data shown in Fig.
3. Here, the left diagram shows the load-displacement curves
and the right diagram shows the diminishing fraction of un-
broken filaments during the pull-out test for four selected
specimens.
Before presenting the calibrated results, we first show the
qualitative influence of the variations in the bond quality
across the yarn cross section. Three examples of assumed
bond quality distributions are shown in Fig. 4 with the maxi-
mum achievable shear flow (100 %) at the outside of the yarn
and linear, quadratic and cubic reduction in the internal
layers.
The influence of a linear, a quadratic and a cubic bond
quality distribution (Fig. 4) on the pull-out curve and on the
progression of filament rupture is shown in Fig. 5. While the
linear and the quadratic interpolation functions result in a
sharp kink in the pull-out curve at the onset of filament rup-
ture, the cubic distribution leads to a curve with a higher de-
formation capacity and is able to qualitatively reproduce the
pull-out behavior and the progression of filament breaks
measured in the experiment.
While the form of the bond quality distribution influences
the post-peak slope of the pull-out curve the maximum
pull-out force primarily depends on the tensile strength of the
filaments. This correspondence is documented in Fig. 6.
Higher tensile strength of the filaments results in a higher
pull-out force. Furthermore, higher filament strength leads to
a higher frictional force at the end of the pull-out test because
a greater number of filaments are pulled out prior to their
rupture.
The effect of filament stiffness and strength and of the lo-
cal bonding stiffness on the initial slope of the pull-out curve
is not significant. On the other hand, their effect on the frac-
tion of broken filaments is much higher. In other words, the
initial stiffness in the pull-out test cannot be reproduced solely
by reducing the bond quality and the tensile strength of the
filaments. As a consequence, the reduced pull-out stiffness is
explained by the existence of a free length inside the speci-
men between the macroscopic boundary of the matrix and
the first contact of the filaments with the matrix inside the
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Fig. 4: Possible functions representing the decrease in the bond quality
Fig. 3: Load-displacement curve, fraction of unbroken filaments
specimen, i.e. the start of themicrobonding between filament
and matrix.
Similarly to the bond quality, we assume that the bond-
-free length increases from the outside of the yarn cross
section to the inside, which is illustrated in Fig. 7. The influ-
ence of this free length on the initial stiffness is demonstrated
in Fig. 8. The initial stiffness and the maximum pull-out force
decrease with increasing bond-free length. Due to the shorter
embedding length of the filaments the number of filaments
being pulled out (i.e. debonded) increases and results in
higher frictional force at the end of the pull-out test.
The filaments in the bundle exhibit a waviness which
is illustrated in Fig. 9. Within the internal free length the
filaments have the possibility to straighten before they get
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Fig. 5: Influence of different bond quality functions
Fig. 6: Influence of filament strength ft
Fig. 8: Influence of free length
Fig. 7: Free length between matrix boundary and the beginning
of microbonding
activated. The delayed activation of the individual filaments is
modeled by an activation strain, which has to be reached be-
fore a filament takes up force. The activation strain increases
with increasing free length. Fig. 10 shows the influence of lin-
ear distributions of the activation strain with different max-
ima is shown. The increasing delay of the activation results in
further reduction of the initial stiffness and of the maximum
pull-out force. In contrast to the parameters described above,
it does not influence the number of broken filaments.
Using the parameters described above a calibration of the
model is possible, as exemplified in Fig. 11. The calibrated
distribution of the bond quality across the yarn cross section
provides the basis for further modeling on the meso and
macro level.
5 Parametric study of the bond
performance with disorder in the
yarn
In the previous section the characteristics of the material
structure in the bond layer were introduced and their influ-
ence on the bond performance was shown. In the following
we will study the influence of the local bond quality on the
overall bond performance. As already specified, the bond be-
havior is described by a bilinear bond law (Fig. 12) including
the phases of adhesive bond, debonding and friction. The
local bond quality can bemodified by changing themaximum
bonding stress max, the frictional stress fr and their ratio
max/ fr.
The influence of the maximum bond stress max and the
ratio of maximum bond stress and frictional stress max/ fr
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Fig. 11: Comparison of simulation and experiment
Fig. 10: Influence of activation strain
Fig. 9: Waviness of the filaments
Fig. 12: Bilinear bond law
for an embedding length of 30 mm is shown in Fig. 13. It is
obvious that the effect of the maximum shear stress on the
maximum pull-out force is negligible. This is a result of
the long embedding length of 30 mm accumulating a high
amount of the frictional stress. Therefore the maximum pull-
-out force is depends essentially only on the frictional stress.
The dependency of the maximum pull-out force on the
frictional stress fr is shown in Fig. 14. For a constant maxi-
mum bond stress max the maximum pull-out force and the
associated displacement decrease with increasing frictional
stress tfr. This effect is rather surprising. It means that the
improvement of the bond performance of the filament sur-
face results in a reduction of the resulting bond performance
of the bundle.
In order to illuminate this effect, the shear flow at maxi-
mum pull-out force along the filament is displayed for each
lamina in Fig. 15. The laminas in front represent the filaments
inside the bundle with a low bond performance, while the rear
laminas represent the outer filaments with a high bond per-
formance. A constant shear flow indicates that up to this
length the filaments have debonded. The left diagram shows
the shear flow distribution across the bond layer for a low level
of frictional stress fr. The length activated for the stress trans-
fer between the filaments and the matrix is much longer than
in the right diagram, showing the shear flow distribution for a
higher frictional stress. The longer stress transfer length re-
sults in a lower strain of the filaments, and leads to filament
rupture at larger control displacements.
The reduction of the maximum pull-out force with in-
creasing local bond strength is explained using Fig. 16. The
two diagrams show the accumulative pull-out response (thick
curve) and the pull-out curves for each lamina separately. For
the lower level of frictional stress (fr 05. N/mm
2) more fila-
ments can be activated simultaneously (left diagram). At the
maximumpull-out force there are 95% of the filaments active
and at the end of the loading only 15 % of the filaments get
broken while all the rest remain intact.
On the other hand, for yarn with a higher level of friction
fr 6N/mm
2) there are only 55 % of the filaments active at
the maximum pull-out force (30 % are still inactive and 15 %
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are already broken). At the end of the loading all the filaments
are broken. Thus, even though the inner filaments were able
to transfer a higher amount of force to the matrix the result-
ing pull-out force was reduced, due to the non-uniformity of
the transfer.
This qualitative comparison demonstrates the role of dis-
order represented by the varying bond-free length, delayed
activation and spatial variations in the bond quality. The
improvement of the local bond performance is counterpro-
ductive and results in an earlier failure of the outer filaments
with higher bond performance. Due to the increased pull-out
stiffness, themaximum pull-out force reaches its maximum at
a smaller control displacement. At this displacement most of
the inner filaments with lower bond performance have not
been activated and cannot contribute to the total pull-out
force.
6 Conclusions
In this paper, a modeling strategy for supporting the de-
velopment of textile reinforced concrete is presented. It is
based on the assumption that there is no ultimate model able
to capture all the aspects of the material behavior. Therefore
the models currently being developed in the framework of
the collaborative research center are classified and evaluated
with respect to the failure mechanisms being captured. It is
important that they have a defined validity and clearly speci-
fied interfaces. They are applied together in order to study
thematerial response at various scales ofmaterial resolution.
The modeling of the bond layer demonstrated that we
face a failure process zone with complex interaction of ele-
mentary effects. The parametric study emphasized the role of
disorder in this interaction and exemplified that it reverses
the expected correlation between input parameters and ma-
terial response.
The final message of this paper can be put as follows: In
the design of cementitious composites reinforced with multi-filament
yarns, the issue of disorder must be carefully analyzed. Only with a
good knowledge of the phenomena in the microstructure it is possible
to balance the performance of the individual components of the mate-
rial structure to obtain optimum performance of the composite.
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